This paper discusses various alternative safety implications relevant to local faults in LMFBR, and evaluates the basic factors affecting the ability of the subassembly wrapper wall to contain the various effects of molten fuel release . The response of the wrapper tube is evaluated by the method proposed by Youngdahl. Firstly, an equation is derived for calculating the energy repartition between the portions consumed in wall deformation and sodium slug acceleration. Then , using this equation, analyses are performed covering various situations where molten fuel coolant interaction (FCI) significantly affects the surrounding matter . This analysis shows that the degree of coherence in fuel mixing process alters substantially the severity of the FCI . The peak pressure generated by the FCI depends on the volume of the mixing zone, which is closely related to the spatial randomness of fuel failure : For the case of a MONJU-type core design, if the height of the mixing zone is greater than 2 cm , the effects of the release of 200 g of molten fuel can be contained within the subassembly without damaging the unaffected wrapper tube. Melt-through of the wrapper tube is also analyzed , and it is found that the integrity of the adjacent wrapper tube is lost about 16 sec after deposition of the molten fuel, and that the melt-through process would differ substantially according to whether forced convection is present or absent in the subassembly gap.
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I. INTRODUCTION
It has been pointed out that local core faults in liquid-metal-cooled fast-breeder reactors (LMFBR) might occur without generating signals detectable by core instrumentation. If any local faults cause fuel failure and release of molten fuel, fuel/coolant interaction (FCI) will occur. The two general types of fault of interest in potential fuel failure and release of molten fuel are : (1) cooling disturbance due to large-scale subassembly blockage, (2) fuel-subassembly loading error. The FCI following the release of molten fuel may cause failure of the adjacent subassembly wrapper walls. These failures may, if severe, damage the rest of the core or the control system , and this would have In the safety design of nuclear reactors, the following categories are commonly used to classify faults, based on the expected hazards they present and on the probability of their occurrence(5).
(1) Safe Fault Fault that falls into the category where : no damage to the reactor is expected to ensue.
(2) Minor Fault Fault that falls into the category where :
(1) minor damage to the reactor such as fuel rupture and fuel bowing is expected to ensue, and (2) the estimated probability of occurrence would be around once per a few years.
(3) Major Fault Fault that falls into the category where :
(1) major damage to the reactor such as the fuel failure and the release of molten fuel is expected to ensue, and (2) the estimated probability of occurrence would be between once during several reactor lives and once in 104 yr.
(4) Catastrophic Fault Fault that falls into the category where : (1) catastrophic damage to the reactor such as core destruction is expected to ensue, and (2 )the estimated probability of occurrence would be around once in 106 yr.
(5) Negligible Fault Fault that falls into the category where : the probability of occurrence is below once in 108 yr.
The severity of the consequences resulting from the local faults mentioned in Introduction is expected to be equal or greater than that of a major fault, as defined above. As for the probability of their occurrence, it is expected to be quite small, on account of the numerous measures devised to reduce the chances of their occurrence and/or to remove the causes thereof.
With particular reference to local flow blockage, the inlet nozzle of the subassembly is today usually designed so as to preclude the Fermi-type blockage (6) , and present day safety design criteria prohibit the designer from using lubricants made of hydrocarbon in the primary coolant circuit so as to prevent subchannel blockage such as experienced in the SRE reactor (7) . The possibility of occurrence of fuel loading error is usually eliminated by high-level quality control during fuel fabrication, and by adequate check procedures established for refueling operation. Experience accumulated to date on this type of reactor, however, is too scarce to provide any assurance on the validity of the estimated frequency of once in 106 yr. We must, under these circumstances, adopt the more conservative assumption that the probability of occurrence of such a fault is about once during a few reactor lives. This makes it necessary to show that the consequences of such a fault are far less serious than the case of a catastrophic fault. A fault tree for the combination of untoward events affecting subassemblies leading to catastrophic failure is depicted in Fig. 1 For applying the first method, it is necessary to confirm the capability and reliability of the detection system. While, for this purpose, much effort has been devoted to the development of both sensors and to sensor systems(9)(10), the results obtained so far are not adequate to permit dependence solely on this means for meeting the above requirement.
The second approach is more promising than the first, because the expected symptoms of FCI phenomena would be more easily detected than those of the initiating events.
It is necessary in this case, however, to prove the validity of the assumption on which this approach is based, i.e., that the damage incurred before the safety mechanism is brought into effect is tolerably small. The third method depends solely on the physical nature of the core structure, and is a passive approach. If this approach can gain its objective without deteriorating the core performance beyond endurance, it can be considered to be the most promising approach.
In this case the first and the second approaches can be pursued in parallel, and with the burden of reliance applying on the local instrumentation system lightened substantially, since the primary objective of these detectors would no longer be to scram the reactor but to pin-point the location of the faults when an anomalous signal is detected.
Description of Typical Situations
Based on the above preliminary consideration, the extent of quantitative analysis requiring to be performed can be assessed. Since the most practical approach is the third, the most important work would be to It has been made clear that a large number of coolant subchannels or a large fraction of the inlet nozzles should be blocked before the fuel would fail'".
In the event of such a severe coolant blockage, fuel melting and molten fuel ejection is likely to occur after coolant voiding.
However it is difficult to estimate the amount of molten fuel which would be released from the pin and become mixed with the residual sodium in the voided subassembly.
We shall therefore conservatively assume that the fuel pin collapses when 30% of its cross section has melted and that upon collapse, all of the molten fuel runs down simultaneously by gravitational force. At this juncture, the maximum possible amount of molten fuel which can be mixed with the residual sodium before large pressure due to FCI is generated is calculated to be 1 kg or so. On the other hand, if violent reaction does not occur, the molten fuel would collect in the lower part of the subassembly.
In this case the coolant sodium will strike the surface of the molten fuel pool upon reentry of the coolant. While it is difficult to predict the mode of reentry and the thickness of the mixing zone for this case, it is here assumed to be 1 cm. Then the amount of molten fuel participating in the FCI is estimated to be about 400 g. This is only a tentative value and should be studied further.
In the event of a loading error of a subassembly, in which a charge containing excessively high fissile density fuel is loaded into the central core zone, a part of the fuel pin melts steadily.
The total inventory of the molten fuel produced in this case is estimated from calculation to be 10 kg. It has been shown from in-pile experiments that even if fuel melts transiently, molten fuel is likely to move axially through the central column of the fuel and they are not likely to be released into the coolant channel"".
It is predicted also that these fuel pins will hold without failing for a considerable period"").
It is, however, not unreasonable to assume that molten fuel could actually be released into the coolant channel, because it is quite possible that these mis-loaded fuels would acquire local cladding defects toward the end of their lives (15) . In this case, the amount of molten fuel which could be released before the pressure of the coolant channel builds up due to FCI is calculated to be 50 g or so, which is consistent with the results of analysis given in Ref. (15) . After the pressure surge due to FCI ends and the channel is voided, about 4 kg of molten fuel are released, which would run down to the bottom in a second or so. This situation is similar to the case of inlet flow blockage.
However it is difficult to estimate the maximum amount of molten fuel which can mix with the sodium before the next FCI. Presumably it is less than 1 kg because after the molten fuel runs down and comes into contact with the sodium, only a short time is available before the generation of the next pressure pulse.
In the case of a local subchannel blockage, significant amounts of fuel melting cannot be expected without postulating unreasonable assumptions such as complete loss of heat transfer at blockage and/or more than 50% blockage of the coolant channel.
Estimates of the amount of fuel released vary with the extent of blocked area, and range from a few grams to 200 g or so.
The result of the above survey is sum- where Mf is the mass of molten fuel involved in the process of FCI, Ef the internal energy of the molten fuel, and ri the efficiency of the FCI process to convert thermal energy of molten fuel into mechanical work. From Eq. (7), the fraction of Et used for straining the tube wall is The effective mass of a wrapper (r_sB)eff is assumed to be 2r_sB, since the wall of the adjacent wrapper is expected to deform in a mode associated with that of the affected wrapper.
In Fig. 4 To discuss the relation between the deformation of the wall and the mechanical work energy Et using Eqs. (8) and (9), it is necessary to evaluate Py and P,. Much effort has been directed toward obtaining a better understanding of the FCI process ever since Hicks & Menzies (22) pointed out the significance of the mechanical work energy produced by the interaction of molten fuel with sodium and proposed a method for its calculating.
Yet it still remains to establish a precise method of predicting the value of e, the controlling mechanism still being unclarified quantitatively . A series of tests using the TREAT reactor performed at the Argonne National Laboratory has specifically examined this mechanism"). The results, which on a small scale are at least characteristic of the failure modes expected in a large reactor, lead one to conclude that the efficiency seen in the conversion of the heat of the molten fuel into destructive work is far below 1% (24) . Based on this fact, a reference value of 1% is adopted for e, and in a limited number of cases, calculations are made with e=0.1%
for purposes of comparison.
It is also difficult to determine Py. A subassembly which is irradiated to 10% burnup receives a total neutron fluence of about 3 x 10(22)n/cm2. This irradiation increases the yield stress and decreases the ductility of the steel as compared with the unirradiated material.
Such changes in the properties of steel have been measured, but data are incomplete.
Based on available information (26) , it was decided to adopt for 316SS the values of yield stress sy=70 kg/mm2 and failure strain of ef=0.03 at 500dc and 20 kg/mm2 at 700dc.
The peak pressure Po depends sensitively upon the geometry and the gas content of the fuel coolant mixture.
The latest model available for FCI analysis, originally derived by Cho & WrightC26', gives two types of pressure peak, the first generated under acoustic restraint (acoustic peak) and the second peak, caused by the rapid vaporization of sodium (vaporization peak). The acoustic peak is attenuated rapidly in the presence of vapor in the mixture or in the neighborhood thereof").
In the case of fuel pin failure due to overpower"7), the molten fuel is probably ejected into the sodium by the action of the fission product gas. It may hence be assumed that the contribution of this part of the pressure spike becomes negligible.
The height of the vaporization peak is limited below the saturation pressure of the mixture, that is Po<=Psat(T_m), (10) where Tn, is the temperature of the mixture. Thus, it should be noted that the severity of the FCI process depends strongly on the volume of the mixing zone. Based on the above mentioned model and data, the consequences of two situations (A) and (B) given below are analyzed : (A) FCI due to molten fuel ejection into coolant sodium The first situation assumes that molten fuel is ejected into the coolant sodium after fuel failure due to a transient overpower fault.
If it is assumed that 200 fuel pins fail simultaneously at the same axial location, the height of the mixing zone H," would be about 1 cm. We adopt this value as standard reference figure, and some cases where Hm=2 cm are also calculated in order to determine the effect of spatially random failure location. This value also can be considered amply conservative, since fairly large scattering of failure location has been reported from out of pile simulation studies (28) . Table 2 summarizes the deformation U of the wall and the peak pressure P, calculated using various values of Mf, 11,, and e
. If e is equal to 1%, U becomes quite large when Po slightly exceeds Py and the ejection of only 80 g of molten fuel constitutes the limit of containment without damage to the wrapper tube. If e is reduced to 0.1% the ejection of 100 g molten fuel causes 3% strain of tube wall, and U becomes relatively insensitive to the amount of molten fuel ejected.
The other important point is that scattering of fuel pin failure location should cause a significant reduction in the damaging capability of the FCI process, as shown in Table 2 for the case where Hm is doubled. In this last case, about 150 g of molten fuel can be ejected without damaging the tube wall even if e is 1%.
These results indicate that, if the ejection of 200 g of molten fuel is to be accommodated without damaging the adjacent wrapper tube, it is necessary to prove that the efficiency e is smaller than 1%, and that the axial locations of the fuel pin failures are distributed in an axial zone broader than 2 cm. If this condition cannot be fulfilled, we are obliged either to abandon the third approach defined in Sec. II-1 or else to increase the strength of the wrapper tube.
(B) FCI process under the surface of sodium pool in a subassembly In the case of fuel melt occurring with local loss of flow, it is expected that more than 4 kg of molten fuel fall onto the surface of the sodium pool formed in the lower part of a fuel subassembly, as schematically shown in Fig. 2 . Only limited observations have so far been obtained on the collapsing behavior of molten fuel pins, whether in out-of-pile" or in in-pile experiments'. But the results agree in their indication that no large quantity of molten fuel would fall in a lump, and that instead, there would occur sporadic dripping of relatively small drops.
If, then, it is permissible to assume similar sporadic dripping in the far larger fuel subassemblies compared with the experimental set-ups, it is expected that the fraction of the total heat energy that would be converted into mechanical energy and applied to deform the tube wall should become quite small. This expectation is supported by the following observations.
(1) Because the molten fuel mixes with only a limited amount of the sodium in the coolant channels of the subassembly. M. is far smaller than in the case of fuel ejection into the coolant. This reduces the ratio Ed/ Et, as can be seen in Fig. 4 . (2) Because the mixing zone is locatec near the free surface of the residua sodium in the subassembly, the duratior Table 2 Wall deformation in type (A) accident of acoustic restraint is quite small, and most of the heat energy of fuel is delivered to the sodium by two-phase heat transfer, which is considered to be a process that is less efficient than that of single-phase heat transfer. Consequently, the heat energy of fuel diffuses into the bulk of the sodium rather than concentrate in some part of the sodium near the fuel. This would tend to attenuate the rise of mixing temperature T"" which, in turn would make it improbable that the peak pressure Po would rise any further than in case (A), and E d/ Et can be expected to be small. (3) Because the heat energy of the fuel diffuses into the bulk of the remaining sodium, the efficiency 27 for converting the heat energy into mechanical work energy would become small. Of course, there remains some possibility for the falling molten fuel to remain in a single mass deep in the sodium pool, instead of instantly undergoing fragmentation, to remain thus lumped together for a while, and then abruptly disintegrate, which could trigger a vopor explosion under certain conditions'''.
Thus, the validity of the three premises set forth above must be confirmed by realistic experiments.
The results of recent out-of-pile FCI experiments at ANL"" would appear to support these premises.
If the basic assumption of sporadic dripping comes to be disproved, consequences substantially more severe should have been expected.
In this case it becomes necessary to analyze a situation in which 4 kg of molten fuel fall on the surface of the sodium pool, of which 1 kg is mixed with the sodium within a few milliseconds.
Here the value of Ms" is about 4 kg, and the width of the mixing zone H", may be cm'31). The coolant subchannel is too narrow to allow the molten fuel to mix with a large volume of sodium within such a short interval.
It would thus be difficult to maintain that the axial height of mixing zone should be any greater than 8 cm.
The results of the calculation of U are presented in 
Molten Fuel Pool in Subassembly
In the case of massive fuel meltdown in a subassembly, there remains the possibility of a breach affecting the wrapper tube caused by melt-through due to contact with the molten fuel, even if the fuel has not initiated the FCI process. Several studies (15) (16) The present author also developed the code SARUP'" for evaluating this phenomena, postulating the geometry shown in Fig. 5 and assuming that : (1) the sodium in the intrasubassembly gap is subjected to the condition of forced convection, (2) vapor blanketing occurs in the intrasubassembly gap immediately following the onset of sodium boiling, (3) the molten steel of the wrapper tube drains off at the steel/fuel interface.
(A note on this code will be published in a separate paper.)
In this situation of molten-fuel pool in a subassembly, our main interest lies in the possibility of failure The results are presented in Table 4 . The wrapper-tube melt-through time is found to be 6 sec when the intrasubassembly sodium is stagnant, and this time is increased to 10 sec when the sodium flows at the design velocity of 23.5 cm/sec. The integrity of the adjacent wrapper tube wall is lost upon lapse of 17 to 20 sec after the deposition of molten fuel on the relevant wrapper tube. This result indicates that the melt-throughprocess could be substantially modified if sufficient forced convection in the intrasubassembly is assured under accidental conditions. It is also shown that sodium boiling begins in the affected subassembly after 20 or 23 sec.
The above analysis of boiling propagation requires further examination, on account of the assumption adopted in the SARUP code of drainage of molten steel at the fuel/steel interface, and neglect of the mixing process taking place in the unaffected subassembly.
It is clear that if complete mixing is assumed to exist in the unaffected subassembly, coolant boiling would be prevented by the large heat capacity of the coolant in the subassembly"".
As for the effect of drainage, another calculation provides assurance that its absence should tend to delay the melt-through to some extent. For the time being, however, it would appear appropriate to base calculations on the assumption of complete drainage of molten steel, since experimental data are still insufficient to justify the renunciation of this conservative assumption. This result suggests that it is difficult to rely solely on the third approach defined in Sec. 11-1, since the affected wrapper would inevitably be ruptured if deposition of the molten fuel is assumed with the present geometry and parameters.
IV . CONCLUSION
The work reported here leads to the following conclusions.
While various means have been devised for reducing the probability of occurrence of local faults that would involve fuel melting, it still remains to establish dependable evidence that the consequences of such local faults are far less serious than in the case of catastrophic faults.
The most important and practical measure to be adopted today is still to confine the various effects of these local faults within the affected subassembly and to block the critical path for these local faults to propagate over the whole core.
The mechanical work energy generated Table 4 Results of melt-through calculations by the FCI process is consumed both in accelerating the upper and lower sodium columns and in deforming the subassembly wrapper wall. The repartition of the energy between these two processes depends on P,/ Po, Msu and
The deformation of the wall caused by the FCI depends particularly strongly on P,/ Po and 7). The peak pressure Po generated by the FCI depends on the volume of the mixing zone, which is closely related to the spatial lumping of fuel failure.
For the case of MONJU type core arrangement, the effect of the release of 200 g of molten fuel can be contained within the subassembly without damaging other unaffected wrapper tubes, if the height of mixing zone is greater than 2 cm.
Even in the case of massive fuel collapse subsequent to voiding of the subassembly, the effect of the resulting FCI can be contained within the affected subassembly, if the molten fuel drips sporadically into the remaining sodium. In a case in which the molten fuel remains in the lower part of the subassembly, the integrity of the adjacent wrapper tube is lost about 16 sec after deposition of the molten fuel. In this situation the existence of forced convection in the intrasubassembly gap attenuates the melt-through process substantially.
It is problematic to rely only on the third approach defined in Sec. II-1, because there remains the possibility of wrapper tube failure caused by the melt-through process and the generation of inordinately large pressure loadings due to lumped fuel failure and mixing.
Uncertainties inevitably accompany any evaluation, subjected as they are to limitations in the amount of available experimental data.
None the less, it can be expected that the extent of the uncertainty would be reduced significantly if the efficiency 72 of FCI and the sporadic nature of fuel failure can be predicted with better reliability and the pattern of fuel motion clarified.
[NOMENCLATURE] Youngdahl has derived many expressions for the dynamic plastic deformation of structures'21. Its application to the response of a hexagonal tube to an internal pressure pulse is described briefly by Youngdahl & Rosenbere) .
A simple rheological model has to be used. If it is applied to a static case, a limiting load or yield pressure P, is obtained.
If the internal pressure is smaller than Pie, there is no deformation ; and if it exceeds P5, deformation continues indefinitely.
The purpose of this analysis is to predict the effect of pressure exceeding P5 applied for a short time.
The calculations mentioned in Ref. (21) show that if U is the displacement of the center of one side of the hexagon, then for U<B, Here Pe is the effective pressure and I the pressure impulse (defined below), p, the density of the material, B the thickness of the wall and a a constant.
If P(t) is the pressure difference between the tube interior and exterior, then I is defined by where 15 is the time at which motion starts (i. e. when P first exceeds PO, and tf the time when it stops.
The value of tf is found from
The effective pressure Pe is defined by P,=I/2t,, 
